Introduction
Since the discovery of superconductivity in iron-pnictide systems [1] , vortex dynamics have been the issue of intensive study, as many different compounds belonging to this system show potential for applications mainly due to the considerably highcritical superconducting temperature, T c , high upper critical field H c2 , high critical current, and a considerably low anisotropy [2, 3] . Additionaly, iron-pnictides also exhibit a considerable large flux-creep allowing to study in detail different pinning mechanisms. Among these studies, a special attention has been given to the study of the second magnetisation peak (SMP), which is associated to a peak in the critical current carrying technological interest. The SMP, or fish-tail, is apparent on most of pnictides single crystals as for instance in the 122 family BaFe 2 (As,P) 2 , [4] Ba(Fe,Co) 2 As 2 , [5, 6, 7] (Ba,K)Fe 2 As 2 , [8, 9] Ba(Fe,Ni) 2 As, [10, 11] Ba(Fe,Ru) 2 As 2 , [12] and (Ba,Na)Fe 2 As 2 , [13] in the 111 LiFeAs, [14] in the oxi-pnictides SmFeAsOF 0.1 , [15] NdFeAsO 0.85 , [16] PrFeAsO 0.60 F 0.12 , [18, 17] and in the chalcogenide Fe(Se,Te) [19, 20] among others, whether for magnetic fields applied parallel, perpendicular or forming an angle with the c-axis of the sample [11] , which is a result of the low anisotropy. The rich variety of explanations for the SMP observed in pnictides, which for instance includes vortex lattice phase transition [5, 14] , pinning crossover [6, 8] , order disorder transition [20] , and lack of evidence for pinning crossover or softness of the vortex lattice [10, 11] , may suggest that the mechanism responsible for the effect is sample dependent. [8, 18] It is worth mentioning the important role that the multi-band character along with the anisotropy and pinning play on the vortex dynamics properties of pnictides. [21] Among the explanations found for the SMP it is worth mentioning the phase transition of the vortex lattice which finger print appears to be a minimum in the isofield relaxation rate -R vs. T . [5, 14, 20] This minimum refers to a softness of the vortex lattice which due to energy considerations gives place to a structural phase transition which experience an increase in the relaxation rate as temperature increases, explaining the fish-tail form of the SMP. [22, 23, 5] This well based explanation appear to be not in contradiction with the elastic to plastic pinning crossover observed near the peak field of the SMP Hp. [5] In this work, we report on isothermic and isofield magnetisation data obtained on a single crystal of BaFe 2 (As 1−x P x ) 2 with T c = 27.6 K and δT c ≈ 1 K for H caxis. Isothermic M(H) curves obtained after a zero field cooled procedure (zfc) show a pronounced second magnetisation peak which is apparent for temperatures running from 3 K to 26 K. As a result of the pronounced fish-tail form of the curves, a plot of many M(H) curves show several crossings occurring for many different magnetic fields suggesting the existence of some anomaly on isofield M(T ) curves in the irreversible regime. Isofield M(T ) curves are then obtained by extracting the magnetization values from M(H) curves and compared with zfc M(T ) curves obtained after the sample is cooled from above T c in zero magnetic field to a certain temperature T at which the magnetic field is applied and data collect with temperature increasing. A plot of both resulting curves shows a smooth M(T ) curve obtained with T increasing but an anomalous peak in the curve obtained from M(H) curves suggesting some sort of transition in the magnetisation. Reproducibility of the anomalous peaks are checked by performing magnetisation measurements M(H,T ) for temperatures running along the peaks where each data of these sets is obtained after a zfc procedure. To study the vortex dynamics along the anomalous M(T ) peaks, we collect magnetisation as a function of time for each of these M(H,T ) measurements. The resulting isofield relaxation rates -R(T ) vs. T plots show a minimun at approximately the same position for which the correspondent M(T ) data reaches a minimum suggesting that the anomalous peak is related to a vortex lattice phase transition. Magnetisation as a function of time is also obtained for fields running along the SMP on several M(H) curves allowing to study the different relaxation rate regimes. The resulting plots of R vs. H further corroborate the vortex lattice phase transition scenarious occurring below the SMP peak Hp while a pinning crossover is suggestive to occur above Hp. From our knowledge, the existence of an anomalous peak in the irreversible regime of M(T ) curves have not been observed before.
experimental
The high-quality BaFe 2 (As 0.68 P 0.32 ) 2 single crystal used in this work (with approximated dimensions 4×4×0.3 mm 3 and mass m = 3.582 mg) was grown by the BaAs/BaP flux method. [24] The sample exhibit a sharp T c = 27.6 K with δT c ¡ 1K. Magnetic measurements were obtained using a "MPMS-XL" system from Quantum Design (equipped with a magnetic shield) in both modes: the RSO mode was used for M(H) measurements and; the 3 cm DC scan was used for M(T ) measurements. The sample as usual was attached to a straw allowing measurements with H c-axis. All measurements were obtained in a zfc procedure, were before lowering the temperature the magnetic shield is demagnetised followed by a quench of the superconducting coil after which the field prior the zfc process is about 0.1 Oe. Following the zfc procedure, the sample is cooled from above T c in zero applied magnetic field (but in the presence of the Earth magnetic field and of the remanent 0.1 Oe field) up to the desired temperature. After that, magnetic field is applied without overshooting and data is collected after field is declared stable. In the case of isothermic M(H) hysteresis curves, data is collect with field increasing (or decreasing after a maximum field is reached) at fixed δH increments. In that case we also obtained magnetic relaxation curves (over a period of 1-1.5 hours) for magnetic fields running along the SMP of the increased field branch of selected M(H) curves. In the case of M(T ,time) data for fixed fields the magnetization as a function of time (over a period of 2 hours) is collected for each temperature after a zfc procedure. In the case of zfc isofield M(T ) curves data is collect with T increasing at fixed δT increments. Most of magnetic relaxation curves (not shown) present an initial transient stage of relaxation with a comparatively low relaxation rate (observed before in BaFe-NiAs system [10, 11] ) holding for the first 10-15 minutes after which the usual log(t) behavior is achieved, allowing to extract the relaxation rate, defined as R = dln(M)/dln(t). corresponding to the maximum of the SMP and the irreversible field H irr . It is possible to see that a much broad SMP takes place below 24 K and as a consequence it is difficult to precisely identify the position of Hon below 20 K. An interesting fact that can be visualized from the plots of Fig. 1 are crossings of different M(H) curves which effect shows |M| reaching a maximum value as one follow the isofield value of |M| in each curve as T increases.
Results and discussion
To check for this effect we obtained isofield M(T ) curves by extracting values of M for fixed selected magnetic fields from the zfc M(H) curves, which corresponds to a M(T ) curve with each point obtained after a zfc procedure. The resulting curves for selected magnetic fields obtained from the increased field branch of the M(H) curves are shown in Fig. 2 , where the inset shows two selected curves with values of M also extracted from the decreasing field branch of M(H) curves, where the resulting curve interestingly resembles the fish-tail effect observed on M(H) curves. It is interesting to see the existence of an anomalous peak in each curve of Fig. 2 , with a minimum occurring at T t, for which one may associate to a possible phase transition occurring in the irreversible regime. To check for the reproducibility of the peaks we measured zfc magnetization for temperatures running along each one of these peaks, where each data was taken after a zfc to the desired temperature, setting the magnetic field and measuring magnetization. To further study vortex dynamics, each one of these data was collected as a function of time. The resulting zfc M(t = 0) values are represented as open triangles in Fig. 2 and as shown, consistently reproduce the peaks in more detail. We also measure two isofield zfc M(T ) curves for H = 14 and 25 kOe, which are plotted in Fig. 2 . One can understand the absence of the peak in these zfc M(T ) curves as values of M in this case do not correspond to the maximum allowed value in the irreversible regime. Figure 3 shows the plot of M(T ) curves obtained for H = 25 kOe in the main figure and for 14 kOe in the lower inset where open triangles correspond to zfc M(t = 0) data obtained along the peaks for t=0 as discussed above. The plots in Fig. 3 allow to better visualize how the anomalous peak develops. Vortex dynamics along the anomalous peaks were studied by obtaining the relaxation rate R of each M(time) data obtained along the peaks (open triangles). The upper inset of Fig. 3 shows -R vs. T plotted along with the correspondent M(t=0) vs. T data for two selected magnetic fields where it is possible to see that -R show a minimum at a temperature which virtually coincides with the position of the minimum in M(t=0) at T t. This trend was observed for all -R vs. T curves. It is important to mention that the minimum in -R occurring near T t may represent a softness of the vortex lattice which is followed by a steep increasing of -R as temperature increases suggesting that the anomalous peak is intrinsic related to the SMP observed in the M(H) curves. To better exemplify the suggestive analogy between the anomalous peak and the SMP, we indicate in Fig. 3 with arrows the temperatures for which Hon and Hp is equal to the field in each plot. Figure 4 shows the results of R vs. H as obtained from magnetic relaxation data collected along the SMP on selected M(H) curves. Interestingly, it is possible to identify a kind of double maximum (or minimum if one consider the |R|) within the SMP for four (4) M(H) curves where the first maximum occurring between the fields Hon and Hp, called H1, appears to correlate with the peak in -R vs. T and the second maximum, called H2 appears to be associated with Hp and may suggest that the decreasing in magnetization occurring above Hp is associated with a change in the pinning mechanism, probably elastic to plastic, which as pointed in Ref. [5] is not in contradiction to a vortex phase transition occurring below Hp. The inset of Fig. 4 shows a selected isothermic R vs. H data plotted along with the correspondent M(H) curve where it is possible to visualise the positions of the double maximum with respect to the fields Hon and Hp.
To sumarize the results, we plot the fields Hon, Hp, H irr , H1, H2 and T t in a phase diagram shown in Fig. 5 , where it is easy to visualise that H2 is likely to be correlated with Hp and H1 with T t, further suggesting that T t represents a phase transition of the vortex lattice in the irreversible regime. It is worth mentioning that similar correlation between a minimum in -R vs. H with a minimum in -R vs. T where observed in Ref. [5] for BaFe 2−x Co x As 2 and the match was associated to a vortex lattice phase transition as predicted and discussed in refs. [22, 23] . This fact motivated us to fit the line formed by the points T t and H1 in Fig. 5 to the expression presented in ref. [5] for a structural rhombic to square lattice phase transition,
, λ is the London penetration depth, L z represents an effective Experimental observation of an anomalous peak in isofield M(T) curves in BaFe 2 (As 1−x P x ) 2 resembling the fi superconducting layer width for thermal fluctuations [5] and φ 0 is the quantum flux. We used the values λ = 108 nm, which is appropriated for our sample [25] and L z ≈ 10 − 4 as in Ref. [22] . The fitting as shown in Fig. 5 by a solid line, was conducted by assuming A, T 0 and ν as fitting parameters. The resulting fitting shown as a solid line in Fig.5 produces the values, A=0.98T c , T 0 = 26.1K and ν=0.85. The values of the parameters A and T 0 appears to be in reasonable agreement with values found for Ba(Fe,Co) 2 As 2 [5] and for La 2−x Sr x CuO, [22] while a slightly smaller value was found here for the exponent ν which might be related to the smaller value of κ=47 for our sample [25] while κ≈75 for the samples in Refs. [5, 22] .
Conclusions
In conclusion, we observe an anomalous peak on isofield M(T ) curves in the irreversible regime of the studied sample which suggests a possible phase transition. From our knowledge, this anomalous peak have not been observed before. It is shown that the anomalous peaks with minimum M value occuring at T t are associated to the SMP observed on M(H) curves. Vortex dynamics studies performed along the peaks on M(T ) curves and along the SMP on M(H) curves suggest that the anomalous peaks are related to a vortex lattice phase transition. The line formed by the points H1 and T t (extracted from the anomalous peaks) is well fitted by a theory developed for a structural rhombic to square lattice phase transition further supporting this view.
